The human leukocyte antigen (HLA) genes are candidate genetic susceptibility loci for childhood acute lymphoblastic leukemia (ALL). We examined the effect of HLA-DP genetic variation on risk and evaluated its potential interaction with four proxies for early immune modulation including measures of infectious exposures in infancy (presence of older siblings, daycare attendance, ear infections) and breastfeeding. A total of 585 ALL cases and 848 controls were genotyped at the HLA-DPA1 and DPB1 loci. Due to potential heterogeneity in effect by race/ethnicity, we included only non-Hispanic white (47%) and Hispanic (53%) children, and considered these two groups separately in the analysis. 
INTRODUCTION
Evidence from a growing number of studies indicate that exposure to common infections early in life may play a role in the etiology of childhood leukemia. 1 However, unlike leukemia in some animals 2 and HTLV-associated adult T-cell leukemia, 3 studies have not been able to show a direct pathologic involvement of specific infection(s) for leukemia in children. 4 It has been suggested that for childhood leukemia, particularly for precursor B cell acute lymphoblastic leukemia (ALL), a delay in exposure to common childhood infections leaves the immune network under-modulated, and subsequent exposure to infections results in an unfavorable immune response; specifically, a proliferative advantage to pre-leukemia cells. 5 This "delayed infection" hypothesis suggests that exposure to infections or other immune-modulatory factors early in life may result in a protective effect against childhood ALL. Evidence from epidemiologic studies using proxies for early life immune modulation support this hypothesis, such as childhood social contacts increasing the likelihood of infectious transmissions and breastfeeding, but provide limited insight on mechanistic aspects. Host genetic variation within immune response genes may contribute to risk of childhood ALL and may operate in concert with early life exposures that are involved in immune modulation.
Within the major histocompatibility complex (MHC) region on chromosome 6 reside a large number of genes involved in immunological processes, including the highly polymorphic human leukocyte antigen (HLA) genes. The cell surface glycoproteins encoded by the classical HLA genes of the class II region, HLA-DP, -DQ, and -DR, are expressed exclusively on antigen presenting cells (e.g. macrophages, B lymphocytes, and dendritic cells) and primarily bind and present endocytosed extracellular proteins to CD4+ T lymphocytes to initiate a targeted immune response. 6, 7 The known polymorphisms are largely localized to exon 2, the region of the HLA class II gene which determines characteristics of the peptide-binding groove of the HLA molecule and the resulting diversity of antigens that are presented to the immune system. 8 Because of their association with the peptide-binding groove, the HLA polymorphic regions have functional relevance and significance for disease susceptibility; over 50 autoimmune and infectious disease associations with HLA alleles have been identified. 7, 9 There are many examples of HLA associations with neoplasms including Hodgkin lymphoma, 10, 11 nasopharyngeal carcinoma, 12 gastric cancer, 13 invasive cervical carcinoma, 14 and childhood leukemia. [15] [16] [17] [18] Specifically, in the United Kingdom Childhood Cancer Study (UKCCS), Taylor et al in 2002 reported a significantly increased risk of childhood ALL associated with presence of the DPB1*02:01 allele, as well as with other rarer alleles that share antigen binding site pocket profiles with the DPB1*02:01 allotype. 18 Further examination of these data as supertypes (a classification based on overlapping peptide binding specificity) showed that childhood ALL risk increased in the presence of DP2 and DP8 supertypes and decreased in the presence of the DP1 supertype. 19, 20 In the current analysis, we examined the associations of HLA-DPA1 and DPB1 genetic variation, both independently and jointly with four separate proxies indicative of early life immune modulation, including markers for infectious exposures in infancy (presence of older siblings, daycare attendance by age six months, and reported ear infections in infancy) and breastfeeding. We focused on non-Hispanic white and Hispanic children enrolled in the Northern California Childhood Leukemia Study (NCCLS), which together comprise the majority of the study population. We previously reported an ethnic difference in risk for birth order and daycare attendance 21, 22 and thus, consider these two groups separately in the current analysis. This study is unique in the inclusion of Hispanic children, an assessment of potential contribution of the HLA-DPA1 locus, and the evaluation of gene-environment interaction.
MATERIALS AND METHODS

Study Participants
The NCCLS is an ongoing case-control study designed to investigate the etiology of pediatric leukemias. Beginning in 1995, newly diagnosed childhood leukemia cases were ascertained at the time of diagnosis from major pediatric hospitals located in a 17-county San Among all eligible controls contacted, 86% consented to participate. 23 The overall participation for the control subjects was 59% (the number of enrolled controls divided by the total number of control searches excluding the known and presumed ineligibles). A detailed description of control selection in the NCCLS is reported elsewhere. 23, 24 A previous evaluation showed that participating controls in the NCCLS are representative of the sampled population with respect to parental age, parental education, and mother's reproductive history. 24 The current analysis included non-Hispanic white and Hispanic childhood ALL case and control subjects recruited between 1995 and 2008 (study phases 1-3), the two largest racial/ethnic groups which together comprise about 85% of enrolled subjects. The other race/ethnicity groups were not considered due to the small number of subjects. Children were classified as Hispanic if at least one biological parent self-identified as Hispanic. The nonHispanic white group comprised children with both biological parents self-identifying as nonHispanic white. Children less than one year of age at diagnosis/reference date were excluded due to growing evidence that these leukemias may be etiologically distinct compared to leukemia diagnosed at later ages. 25 This resulted in 669 ALL cases and 977 controls one year of age and older who were non-Hispanic white or Hispanic. Among these, only subjects with a DNA sample available at the start of this current project were included resulting in 590 cases (88.2%) and 854 controls (87.4%).
The study protocol was approved by the Institutional Review Boards of University of California, Berkeley and all collaborating institutions, and written informed consent was obtained from all participating subjects. This study was conducted in accordance with the Declaration of Helsinki. For a large subset of the ALL cases (87%), data on hyperdiploidy and TEL-AML1 chromosomal translocation was available as described in detail previously. 28 Subtypes of the cases included 291 common ALL (cALL, defined as CD10+ and CD19+ ALL aged 2 to 5 years), 172 high-hyperdiploid (51-67 chromosomes), 89 positive for the TEL-AML1 chromosomal translocation, and 70 ALL with normal karyotypes.
HLA-DPA1/DPB1 Genotyping
Data Collection
The proxies for early life immune-modulatory exposures considered in this current analysis have been described in detail in previous NCCLS publications. 22 Data on child's social contacts inside and outside the home (birth order and daycare attendance), common infections during the first year of life, and breastfeeding were obtained using a standardized questionnaire administered in-person with the parents/guardians of each child.
The child's birth order was determined based on a reproductive history of the biological mother. Information on the child's social contacts outside the home was obtained through a history of daycare and preschool attendance before the reference date (date of diagnosis for cases and corresponding date for matched controls) or before the age of 6 years, whichever occurred first. For each daycare and/or preschool the child attended, information on age at attendance, duration of attendance, hours per week of attendance, and number of other children present was obtained. The calculation of a quantitative summary measure, called total child-hours of exposure, has been previously described in detail. 21 Briefly, child-hours at each daycare facility were calculated as follows: (number of months attending the daycare) x (mean hours per week at this daycare) x (number of other children at this daycare) x (4.35 weeks per month). For each child, the child-hours in each daycare setting were summed to obtain the total child-hours of exposure.
Respondents were asked for a history of common infectious illnesses the child had during the first year of life including severe diarrhea/vomiting, ear infection, persistent cough, mouth and eye infection, influenza, and unspecified "other infection". Questions were asked with an emphasis on the timing of exposure, specifically during the age of <3 months, 3-5 months, and/or 6-12 months.
DPB1 Supertype Classification
While each HLA class II allele encodes a distinct molecule, it has been shown that many of these molecules have overlapping structural and functional features through shared peptidebinding pockets, and thus can be clustered into distinct functional groups referred to as supertypes. Twenty-three of the 28 observed DPB1 alleles can be clustered into one of six supertypes described previously by Taylor et al. 19 The six supertypes were defined by three dimorphic amino acid residues in pockets 6, 4, and 1 at positions (GED).
Statistical Analysis
Python for Population Genetics (Pypop) software was used to test HLA-DPA1 and DPB1
genotype frequencies for deviation from Hardy-Weinberg equilibrium in controls, to estimate HLA-DPA1-DPB1 haplotype frequencies from genotype data of unrelated individuals using the expectation-maximization (EM) algorithm, and to evaluate the patterns of linkage disequilibrium (LD) between the two loci. 31 Comparison of HLA-DPA1 and DPB1 allele frequencies between cases and controls was performed using Fisher's exact test. A logistic regression model adjusting for child's age and sex was used to calculate odds ratios (ORs) and 95% confidence intervals (CIs) associated with carrier status of specific HLA-DPA1 and DPB1 alleles (referred to as phenotype) and supertypes. Analyses were conducted among non-Hispanic white and Hispanic children separately, and if no evidence of heterogeneity between the two groups based on the chi-square test of homogeneity (P > 0.05) was present, a pooled analysis was performed with adjustment for race/ethnicity (non-Hispanic white, Hispanic white, and Hispanic other).
The multivariable evaluation of the four proxy exposure measures (older sibling, daycare child-hours, ear infection, and breastfeeding) have been reported in previous NCCLS publications, 22 and those results served as the basis for the focus on the specific variables chosen for evaluation in the joint analysis. The joint effect between the DP1 supertype and each of the four proxy measures were evaluated separately using logistic regression models that included an interaction term representing the product of the supertype (presence or absence) and exposure measure, and additionally adjusting for the other three proxy measures, child's age and sex, maternal age, maternal education, annual household income, and study phase. The risk estimate for the interaction term is defined as the ratio of the joint effect of the exposure variable and DP supertype (OR GE ) and the product of the individual effects [
]. An OR interaction significantly different from 1.0 is an indication of multiplicative interaction. P values for the interaction term of less than 0.10 were considered statistically significant.
RESULTS
For both non-Hispanic white and Hispanic children, compared to controls, cases tended to have less annual household income and mothers with less formal education ( Table 1) . Casecontrol difference for maternal age was observed only in non-Hispanic white children with mothers of cases appearing younger.
A total of six DPA1 alleles were observed in non-Hispanic white and Hispanic subjects. DPA1*01:03 was the most common with a frequency of about 0.80 (Table 2 ). In contrast to DPA1, DPB1 was considerably more polymorphic. A total of 28 different alleles were observed in the non-Hispanic white and Hispanic populations combined ( In the logistic regression analysis evaluating DPA1 and DPB1 phenotypes and childhood ALL risk, no evidence of heterogeneity in effect between non-Hispanic white and Hispanic children was observed (Table 3) . Similarly elevated risk estimates were observed for DPB1*01:01 carriers in both groups, and the pooled analysis showed a statistically significant increased risk of childhood ALL associated with carriers of the allele (OR = 1.43; 95% CI, 1.01-2.04) ( Table 3) .
Previous work has shown more than 90% of the DPB1 alleles can be clustered into six supertypes based on similarities in functional (peptide binding) properties. 19 The most common supertype, DP4, was present in a large majority of non-Hispanic white (79.2%) and Hispanic (82.5%) control children. (Table 5 ). In contrast, the risk estimate for history of ear infection before six months of age was the same in both race/ethnicity groups and the pooled analysis showed a statistically significant reduced risk of childhood ALL (versus no ear infection in the first year: child-hours and ear infections in infancy showed little evidence of multiplicative interaction with the DP1 supertype in the risk of childhood ALL (Figure 1 ), but these analyses had limited statistical power. However, the point estimates were in the direction consistent with the results observed for the older sibling and breastfeeding proxy measures.
DISCUSSION
Exposure to common infections and the role of immune-related processes have both emerged as strong candidate risk factors for childhood ALL. 5 In this current study, we examined the HLA-DP association in a large non-Hispanic white and Hispanic population of childhood ALL cases and controls in California. The DP1 supertype was associated with childhood ALL;
this effect was most prominent in the high-hyperdiploid ALL subtype. Furthermore, we observed a statistically significant interaction between the DP1 supertype and two separate measures used as proxies for early life immune-modulatory exposures, having an older sibling and breastfeeding, in the risk of childhood ALL.
In a previous study by Taylor et al., DPB1*02:01 and rarer alleles that share functional properties with the DPB1*02:01 allotypic protein were associated with risk of cALL. 18 Additionally, DPB1*04:02 was associated with an increased risk, while DPB1*01:01 showed a reduced risk. Further investigation of HLA-DPB1 alleles as supertypes indicated a reduced risk associated with DP1 (GKD), 19 which appeared to be driven by the DPB1*01:01 allele. 20 This effect was most marked for TEL-AML1 and high hyperdiploid positive ALL. 20 A DP1 association in childhood ALL, particularly in high-hyperdiploid ALL, is also present in the NCCLS; however, the risk estimate was in the opposite direction (i.e. increased risk) from that of the UKCCS study, 20 and the other previously reported DPB1 associations were not observed.
In interpreting this discrepancy, one observation to note is the marked differences in allele frequencies for DPB1 recently a large study found that along with other HLA class II alleles, DPB1*01:01 is associated with an increased susceptibility to sarcoidosis in a US black population.
The evaluation of interaction between DP1 supertypes and proxy measures in the risk of childhood ALL showed that the increased risk associated with DP1 is only found in children without an older sibling. A complementary finding was also seen for interaction with breastfeeding, where an increased risk of the DP1 supertype was found only among nonbreastfed children. The dichotomous variable indicating presence or absence of an older sibling was used as a proxy measure of exposure to common infections early in life, based on the assumption that contact with older siblings would expose the index child to infections at a very young age. In the context of the "delayed infection" hypothesis, this exposure would, in turn, contribute to immune modulation, a critical component of normal immunologic development.
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The immune-modulatory effects of breastfeeding is also well-documented. 44 Findings of the current analysis, demonstrated by interactions with two separate proxy measures, suggest that T cell recognition of the DP1-peptide complex in the context of an insufficiently modulated immune system may trigger an unfavorable immune response that contributes to leukemogenesis.
Several lines of evidence underscore the importance of immune-modulatory exposures early in life and the effects of exposures on the subsequent development of certain health outcomes, particularly allergic disorders and autoimmune diseases. 45 The neonatal immune system is significantly down-regulated and proceeds along a series of postnatal developmental stages, most of which are mediated by environmental exposures during the first year of life.
Among the notable characteristics of the neonatal immune system are the presence of high amounts of regulatory T cells and the down-regulated CD4+ T helper 1 (Th1) and T helper 2 (Th2) activities that display a strong skewing toward Th2 responses. 46 A critical element of immune maturation is to increase the functional capacity of Th1, which is necessary for effective cell-mediated immunity, anti-tumor defense, and progression towards a normal immune balance.
Various endogenous conditions and environmental exposures, particularly microbial agents as well as breastfeeding, have been shown to promote Th1 capacity and contribute to the process of Th1/Th2 balance during immune maturation. 46 Capacity for T regulatory cell activity is also stimulated by early life microbial exposures, which have the ability to enhance the regulatory networks that are responsible for down-regulating immune responses after infection is controlled. 47 Taken together, extensive research indicates that proper immune modulation, largely through exposures to infections early in life, may have a significant impact on later life responses to immunologic stimuli.
As described in previous NCCLS publications, 21, 22 the main effect of birth order and daycare attendance on childhood ALL risk was observed only in non-Hispanic whites, and not in Hispanic children. Observed differences in family structure and daycare attendance patterns between these two populations suggested that this differential effect may be due to heterogeneity in the degree to which these factors serve as appropriate proxies for early life exposure to common infections. Accordingly, evidence of interaction using these surrogate measures was not found in Hispanic children, but the main effect of DP1 does appear to be consistent in both nonHispanic white and Hispanic children. From a social contacts perspective (indirect measures of infectious exposure), a more refined measure of exposure to infections among Hispanics may be the total number of people living in the household at the time of child's birth including nonsibling children and adults. However, such measures are not available in the NCCLS.
Nevertheless, support for a role of infections in the Hispanic population also exists. History of ear infections by the age of 6 months, a direct measure of exposure, was found to be associated with a reduced risk in both Hispanics and non-Hispanic whites. 22 With respect to interaction with DP1 in Hispanics, an effect was found when considering history of breastfeeding as the immunemodulatory exposure. The lack of strong evidence for DP1 interactions with daycare child-hours and ear infection by age 6 months may be due to limited statistical power. Stratified analyses did show, however, risk estimates pointing in the directions consistent with DP1 interaction effects found for older sibling and breastfeeding.
Our study had sufficient power to detect moderate to strong HLA-DP associations with ALL, but associations within certain subgroup analyses (e.g. molecular subtypes) and of rare alleles and supertypes may not have been detectable with the current sample size. Assuming a phenotype frequency of approximately 0.15 (frequency of carriers of the allele or supertype) and a type I error rate of 0.05, the current analysis had adequate power (>70%) to detect associations for risk estimates as low as 1.4. Assuming a causal relationship, the functionally driven classification of HLA alleles into supertypes would be expected to improve chances of detecting
associations. An increased probability of false-positive findings due to multiple testing is a possibility. However, we focused on a previously reported candidate locus, and we approached this unique analysis of gene-environment interactions within the context of a strong a priori hypothesis stemming from an infection-related premise that has been studied over the past two decades. 1 Although multi-allelic, this investigation included primarily one genetic locus (HLA-DPA1 and DPB1 are in strong LD) and the proxy exposure measures were carefully selected based on findings from a previous publication. 22 Additional confidence in the findings of the current analysis comes from observing a consistent main effect for the DP1 supertype in both non-Hispanic white and Hispanic children, and consistent evidence of interaction of DP1 observed with two different proxy measures related to immune-modulation.
The effect of population stratification is likely to be minimal in the NCCLS due to the careful and detailed account of race and ethnicity obtained from the subjects and statistical adjustment. In addition, the extent of genetic admixture was assessed using a series of 80 ancestry informative markers for a subset of the cases and controls included in this study. 48 Estimates of genetic ancestry (percent of European, Amerindian, and African ancestry) were determined with these ancestry informative markers, and comparison of these estimates between cases and controls showed no significant differences (data not shown). 48 Potential selection biases resulting in systematic differences between cases and controls should be considered. In the NCCLS, population-based controls are selected from the statewide birth registry among all children born within the study region. A previous methodological evaluation has shown that controls enrolled in the NCCLS are comparable to "ideal" controls who could have been enrolled under the optimal circumstances (i.e. no difficulty in tracing, no refusal of participation). 24 In the current analysis, cases and controls appeared to differ in maternal age in non-Hispanic whites, and annual household income in both race/ethnicities. The extent to which these differences are a result of systematic biases is unknown, but the influence of these and other factors was evaluated and addressed accordingly in the multivariable analyses.
However, uncontrolled or residual confounding on risk estimates is a possibility.
Although there are numerous studies supporting the importance of early life immune modulation in childhood ALL based on proxy measures, unresolved inconsistencies still exist.
The current study demonstrates that concurrent evaluation of host genetic susceptibility factors, together with early life exposures, may be important. Our findings support the conclusion that HLA-DPB1 genetic variation combined with an insufficiently modulated immune system may trigger an adverse immune response that contributes to childhood ALL risk. based on an analysis conducted in non-Hispanic white children only. The other two measures, ear infection and breastfeeding, were analyzed among all subjects since no evidence of heterogeneity was observed by race/ethnicity. Two-sided P values (P interaction ) of less than 0.10 were considered evidence of a significantly different effect of the DP1 supertype on ALL risk between levels of the proxy exposure measure. Figure 1 
